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Abstract
Localisation or position determination is one of the most important applications for the wireless sensor networks. Numerous cur-
rent techniques for localisation of sensor nodes use the Received Signal Strength Indicator (RSSI) from sensor nodes because of its
simplicity and cost. Non-linearities in RSSI circuits, the antenna radiation pattern and path loss model parameter estimation may
result in accuracy of the localisation algorithm. Therefore, environmental characterisation of radio propagation basic mechanisms
is a fundamental step toward the design of ranging and localisation algorithms able to work properly in realistic scenarios. Fur-
thermore, positioning systems are migrating towards hybridisation where data coming from heterogeneous technologies are fused
to improve localisation accuracy and coverage. This paper presents an improved mathematical model for ranging using RSSI in
realistic practical scenarios as well as measurement methodologies to use during calibration experiments in order to quantify each
parameter involved in a localisation algorithm using a sensor data fusion approach.
c© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Received Signal Strength Indicator (RSSI) is basically a measurement of the power present in a received radio
signal. This does not require additional bandwidth, energy or hardware. These features of RSS measurements make it
relatively inexpensive, simple to implement and make this technique appealing. This ranging method is very popular
in the localisation research community as can be found in1,2,3,4.
The most common sources of ranging errors using RSSI include reﬂections on nearby objects, radio frequency
noise, and variable characteristics of the communication channel. The biggest source for errors in distance estimation
and hence localisation error for most localisation algorithms based on RSSI or Radio Frequency (RF) connectivity is
the assumption that the antenna radiation pattern is perfectly circular or spherical in shape. It is therefore assumed
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that the formula for RSSI attenuation over distance, as described by the log shadow model, is directly applicable.
In the real world, however, the pattern of radio transmitted at the antenna is neither a circular nor a spherical shape,
and the path loss model is not valid due to problems caused by the sensor mote and the environment of the sensor ﬁeld.
The wide availability of radio signal strength attenuation information on wireless radios has received considerable
attention as a convenient means of deriving positioning information. While much attention has been paid ton localisa-
tion accuracy and computational eﬀort, the impact of irregular antenna radiation patterns have been often recognised
with a number of empirical studies having been conducted5,6. However, its inclusion in the localisation algorithms
considered were generally dismissed for future study.
Positioning systems are migrating towards hybridisation where data coming from heterogeneous technologies are
fused to improve localisation accuracy and coverage. With the advances in Microelectromechanical systems (MEMS)
technology, sensors such accelerometers and gyroscopes are found in many devices and are easy and cheap to imple-
ment in new designs.
Data fusion is the process of dealing with the association, correlation, and combination of data and information
from single and multiple sources. The goal is to reﬁne position estimation more so than any single source could do.
In the proposed algorithm, orientation data, accelerometer data as well as the RSS data, coupled with the antennae
radiation patterns are used to provide an initial estimate from which the ﬁnal position can be reﬁned in few steps using
an optimisation method such as the Gauss-Newton method.
This suggests that additionally to fact that the antenna eﬀects need to be carefully considered in signal strength
schemes, measuring techniques and calibration of all sensor involved in the localisation process need to be also
analysed.
2. Related work
Lymberopoulos et al. 6 provided a detailed characterisation of signal strength properties and link asymmetries for
the CC2420 radio using a monopole antenna. They showed that the antenna orientation eﬀects are the dominant factor
of the signal strength sensitivity in 3-dimensional network deployments. Srinivasan et al. 7 evaluated RSSI values
provided by the CC2420 radio, and came to the conclusion that the problems older radios had with RSSI due to hard-
ware miscalibration are no longer observable, and that RSSI is a promising indicator when its value is above a certain
sensitivity threshold. The results also indicated that the RSSI value for a given link had very small variation over time.
Other authors have analysed the eﬀect of the antenna polarisation on the accuracy of RSSI-based localisation8-9
and other factors on RSSI10. The studies in11,12 show that the performance of RF-based localisation degrades in the
presence of an irregular radio range.
However, none of these works have included a developed mathematical model and algorithm to include the antenna
radiation pattern and node orientation in localising the sensor nodes.
Attempt to model the radiation pattern described as Radio Irregularity Model (RIM) has been presented in13 but
no further research to include it in a localisation algorithm has been presented.
3. Improving The Accuracy of Distance Estimations
Accurate information on position of wireless users is crucial, not only for emerging location-based services and
applications, but also for network optimisation. In order to develop an accurate positioning and tracking algorithm for
realistic practical scenarios, propagation characteristics of the environment should be well understood , especially the
sources of errors.
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Major Sources of Error:
Zhou et al13 categorised the causes of radio irregularity into two main factors:
- the heterogeneous properties of devices;
- the non-isotropic properties of propagation media.
Device properties include the antenna type (directional or omnidirectional), transmission power, antenna gains, re-
ceiver sensitivity, receiver threshold and the Signal-Noise Ratio (SNR). Media properties include the media type,
background noise and various other environmental factors. Some attempts to mitigate these irregularities can be
found in literature and can be summarised as follows:
3.1. Additive Noise
Even in the absence of multipath signals, the accuracy of the arrival time and RSS is aﬀected by additive noise.
Averaging a number of measurements should reduce this eﬀect and ultimately the error induced by it.
RSS I =
1
N
N∑
i=1
Measured RS S Ii (1)
3.2. Multipath
Multiple signals with diﬀerent amplitudes and phases arrive at the receiver and signals add constructively or de-
structively as a function of the frequency, causing frequency-selective fading. Averaging a number of measurements
as shown in Equation (1) should also reduce this eﬀect.
3.3. Asymmetric Links
An asymmetric link is deﬁned as one in which the connectivity of node A to node B is signiﬁcantly diﬀerent from
that of node B to node A on condition that the transmission power of node A and B is the same. The link asymmetry
is caused by factors such as the presence of obstacles, the asymmetric multi-path eﬀect and the antenna orientation.
Since an obstacle-free environment is assumed in this study, focus is placed on the asymmetric link problem caused
by antenna orientation.
The asymmetric link has been regarded as an inherent problem in WSNs. However, for accurate localisation in
both range-free and range-based techniques, it is essential that this issue be resolved. Sungwon Yang and Hojung Cha
in12, show that the asymmetric link of the RSS problem can be eliminated by solving the antenna orientation problem.
Consequently, the asymmetric link problem in WSNs is not an independent issue, but a problem that is dependent on
the antenna orientation problem.
3.4. Antenna Radiation Pattern
In the real world, the pattern of radio transmitted at the antenna is neither a circular nor a spherical shape, and the
path loss model is not valid due to problems caused by the sensor mote and the environment of the sensor ﬁeld. The
nodes used in literature such as the Micaz, the TelosB and the TMote sky, just to name a few, are all equipped with an
inverted F antenna whose typical radiation pattern, as described in14, is shown in Fig. 1.
Even in the hypothetical case where an ideal omnidirectional antenna is designed, due to the presence of the elec-
tronics on the electronics board or impact of the enclosure, the radiation pattern is distorted, meaning the transmitted
and received power is not the same for all board orientations. For these reason, it becomes imperative to take the
antenna radiation pattern of each node into consideration when designing an algorithm for accurate node localisation
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Fig. 1. Inverted F Antenna Radiation Patterns
system in WSN.
To ensure that the localisation algorithm takes the antenna radiation pattern into account, the orientations of the
antennae of each sensor node must be known. An earth magnetic sensor is used for this eﬀect. An integrated magnetic
sensor and tri-axial accelerometer sensor that achieve this study’s objective is the LSM303DLHS from ST Microelec-
tronics.
3.5. Log shadow RSSI Ranging Model
The formula of the RSSI commonly used ranging method is the log shadow formula given in Equation (2).
RSS Ii j = PTx ( j) − PLd0 ( j) − 10η log
(
di j
d0
)
+ X(σ) (2)
This model does not take into account the eﬀects of the antenna radiation pattern and nodes’ orientations.
3.6. Error Introduced By Radiation Pattern
Fig. 2. Eﬀect of Antenna Radiation Pattern
From Figure2, the error introduced by the Antennae radiation patterns can be expressed as in Equation (3).
AntErr(dB) = Patrni(ϕi j)(dB) − Patrn j(ϕ ji)(dB) (3)
where Patrni and Patrn j represent the antenna radiation pattern of nodes i and j respectively.
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3.7. Improved RSSI Ranging Model
This study introduces these eﬀect to obtain an improved RSSI model as shown in Equation (4).
RSS Ii j = PTx ( j) − PLd0 ( j) − 10η log
(
di j
d0
)
+ AntErr (4)
Here, X(σ) is assumed to be negligible in this study:
X(σ) ≈ 0
It should be noted that the value of AntErr dependent on the coupling of antennae radiation patterns Patrni and
Patrn j, ϕi j and ϕ ji. ϕi j and ϕ ji are directly linked to respective nodes orientations, θi and θ j, as shown in Fig. 2.
3.8. Position Tracking
Dead reckoning is exploited to estimate the position of a mobile device by using the previous inertial values. The
kinetic model uses inertial measurements originating from accelerometers for each of the three space axes. However,
the accelerometer data used to compute a node position, are aﬀected by noise from the sensor themselves as well as
the measurement process. An additional error to the estimated positions is induced by numerical computation.
The outputs of these sensors are aﬀected by ripples around the actual values, resulting in an growing error due to
the double integration needed to transform accelerations into displacements.
Given an average noise N, the space estimation error e will rise over time t according to Equation (5):
e(t) = N.
t2
2
(5)
Hence, periodic recalibration of the position using GPS or similar technologies, in this case the RSS based localisa-
tion, is needed.
Therefore, the estimated position are only used as a staring point in the localisation algorithm and for an eﬃcient,
accurate and exhaustive localisation process, RSSI data, antennae radiation patterns data, nodes orientations data (from
the magnetic sensor) and accelerometer data should be fused in a optimisation algorithm such as the Gauss-Newton
optimisation method as proposed in this study.
4. Experimental Setup and Results
Fig. 3 depicts the experimental setup.
Fig. 3. Experiment setup
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To empirically characterise the parameter in the improved RSSI ranging model, two sets of calibration experiments
were conducted.
The ﬁrst set of measurements collected aimed at characterising the antenna radiation pattern. Note that the ra-
diation patterns can be found in the data sheet of the sensor node’s radio module can be measured, using the setup
depicted in Fig. 3. For this purpose, two TelosB sensors from Crosbow technology were used and the setup is shown
in Fig. 3 were used. The RSSI values given by TinyOS are usually not in dBm units, and should be converted by the
platform speciﬁc relation to get meaningful data out of it. The conversion can be found in the datasheet of the radio
platform , in this case the TI CC2430.
Only 36 measurements were taken and considered in the determination of the radiation pattern. A coarse radiation
pattern was obtained from the measurements. After interpolation, a more reﬁned radiation pattern was obtained with
a resolution of 1o as depicted in Figure 4.
Fig. 4. Radiation Pattern from RSSI Measurements
The second set of measurements were conducted at diﬀerent distances from the transmitting node and taking care
that the relative bearing from each nodes remained constant for separate measurements at distances d1, d2, and dn
respectively.
A curve ﬁtting tool was used to plot the graph depicting the relationship between the measured RSSI and the log of
the corresponding distances from which they were measured and approximate the relationship with a linear equation
as shown in Fig. 5.
Fig. 5. Empirical characterisation of radio propagation parameters
The format as depicted in Equation (6).
y = −mx − b (6)
comparing Equation (6) to Equation (4), we can deduce the propagation index and path loss at reference distance
used in the ranging model as depicted in Equations (7) and (8).
η =
m
10
(7)
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PLd0(dB) = −b (8)
Figure 6 outlines the accuracy of the the simulation experiment using the developed algorithm by comparing its lo-
calisation errors to the approach that does not make use of the antenna radiation pattern, both using the Gauss Newton
optimisation method.
Fig. 6. Simulation Results of 50 Nodes with Antenna Radiation Pattern
Same localisation algorithm was used on real data obtained from Department of Information Engineering of the
University of Padova16 to highlight the eﬀect of the nodes orientations coupled with the antennae radiation patterns.
The data did not specify the information about nodes orientations, therefore an assumptions was made that all nodes
were facing in the same direction. We proposed three experimental cases, where we assumed the directions of the
nodes and calculated the localisation errors per node. The ﬁrst case did not take the antenna radiation pattern and
nodes orientation into account, the second one assumed the node facing in the direction of the x-axis an the last case
assumed the nodes facing in the direction of the y-axis.
Figure 7 shows that the eﬀect that the orientation of the nodes can have on the localisation accuracy
Fig. 7. Eﬀect of Node Orientation of 50 Nodes with Antenna Radiation Pattern
The Gauss-Newton algorithm iteratively ﬁnds the minimum of the sum of squares. The update mechanism is
described in the Equation (9).
Xk+1 = Xk −
(
JTk Jk
)−1
JTk ξk (9)
where Jk is the Jacobian matrix(gradient) of the cost function estimated at X − k and ξk is the residual error matrix
form by the individual terms of the cost function computed as will be shown in Equation (10).
f =
M∑
k=1
∥∥∥di j(k) − d˜i j(k)∥∥∥ (10)
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where:
di j(k) =
√
(xi(k) − x j(k))2 + (yi(k) − y j(k))2 (11)
and
d˜i j(k) = 10
(
PT x (k)−PL d0(k)−RSS Ii j (k)+AntErr (k)
10η
)
(12)
5. Conclusion
In this paper we have presented a improved RSSI ranging model and have demonstrated that the relative antenna
orientation between receiver-transmitter pairs is a major factor in signal strength variability, even in the absence of
multipath eﬀects. This suggests that many schemes using radio signal strength on similar radios should carefully
consider these factors before going to actual deployments. In addition we have presented an exhaustive approach to
sensor node calibration. This includes the empirical experiments to characterise the propagation index and path loss at
reference distance used in the RSSI log shadow ranging model as well as the characterisation of the antenna radiation
pattern of the sensor node’ antennas. We have also shown the eﬀect of the obtained radiation pattern on the overall
localisation accuracy. We further explored the mitigation of measurement error of all other sensors data that could
be involved in a sensor data fusion approach to node localisation. As future works, we plan to explore the dynamic
calibration mechanism of the propagation parameter as the environment change.
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